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Abstract. A comprehensive theoretical study of the E1, M1, E2 transitions of Ca-like tungsten ion is presented. Using multi-configuration Dirac-Fock (MCDF) method with a restricted active space treatment, the wavelengths and probabilities of the M1 and E2 transitions between the multiplets of the ground state configuration ( The present E1 and M1 calculations are compared with previous theoretical values. For E2 transitions, the importance of electron correlation from 3s and 3p orbitals is pointed out. Several strong E1 transitions are predicted, which have potential advantage for plasma diagnostics.
Introduction
Tungsten (W) has become the focus of attention in fusion research, being considered as a main candidate for the cover of plasma-facing component in the next generation fusion devices like ITER (International Thermonuclear Experimental Reactor Tokamak); tungsten has excellent physical and chemical properties such as high sputtering threshold energy, low sputtering yield, high re-deposition efficiency and low tritium retention [1, 2] . However, tungsten impurity ions are produced due to the interaction between the edge plasma and cover material. These ions may be transported to the fusion core plasmas, and be further ionized to produce highly charged W ions. These ions could cause a large radiation loss by emitting high energy photons, which leads to the plasma disruption if the relative concentration of W ion impurities in the core plasma is higher than about 10 −5 [3] . Monitoring and controlling the flux of these highly charged W impurity ions are important to retain the fusion [4] . Thus, it is indispensable to carry out a comprehensive theoretical investigation on the atomic structures and transition properties of various tungsten ions.
During the last decades, several studies have been performed to provide theoretical and experimental values of W 54+ ion [5] [6] [7] [8] [9] [10] [11] [12] . U. I. Safronova et al. calculated the magnetic dipole (M1) and electric quadrupole (E2) transitions between the multiplets of the ground state configuration ([Ne]3s 2 3p 6 3d 2 ) of W 54+ by using the relativistic many-body perturbation theory (RMBPT) [7] . Y. Ralchenko et al. observed the M1 lines from 3d n (n=1-9) ground state fine structure multiplets of tungsten ions with electron-beam ion trap (EBIT) and they employed a non-Maxwellian collisionalradiative model to analyze the observed spectrum [8] . P. Quinet calculated the forbidden transitions within the 3p k (k=1-5) and 3d n (n=1-9) ground state configuration multiplets of highly charged tungsten ions (W 47+ −W 61+ ) by multi-configuration Dirac-Fock (MCDF) method taking into account the correlations between a restricted number of configurations [9] . Furthermore, the theoretical calculations of M1 forbidden transitions for tungsten 3d n (n=1-9) configurations have been carried out by X. L. Guo et al. [10] . The RMBPT and the relativistic configuration-interaction (RCI) method were used in their calculations.
For [11] . A collisional-radiative model was applied to explain the observed spectrum. An MCDF calculation with restricted electron correlation effects on the 3d-3p transitions was presented by Dipti et al.; they also calculated the electron impact excitation cross section and polarization degree [12] .
In the present work, the MCDF method with large active space is employed to calculate the E1, M1, E2 transitions for W 54+ ion. A large-scale systematic computation is carried out to fully consider various correlation effects. In previous MCDF calculations, some important correlation effects were omitted. These correlation effects are included in the present work. In the following section, a brief description of the theory that are employed in the present paper is given. In section 3, the results of the present calculation will be tabulated together with available experimental as well as theoretical values. The plausibility of the present theoretical method is discussed in detail. Finally, the concluding remarks on the present work is given in section 4.
Theory and computational methodology
The MCDF (multi-configuration Dirac-Fock) method is a widely used theoretical method that is based on a relativistic atomic theory. It was presented in very detail in the monograph by I. P. Grant [13] and a number of codes based on MCDF method were developed in the last several decades [14] [15] [16] . The present calculation employs GRASP2K package [16] . In the MCDF method, the atomic state function(ASF) Ψ(P JM J ) for a given state with parity P , total angular momentum J, and its z component M J is represented by a linear combination of configuration state functions (CSFs) Φ(γ i P JM J ) with the same P , J, M J ; we have
where c i is the mixing coefficient and γ i denotes all the other quantum numbers necessary to define the configuration, N c is the number of CSFs used in the expansion. The CSFs are the linear combinations of products of members of an active space of spinorbitals, which are optimized simultaneously via the self-consistent field (SCF) method for the Dirac-Hartree-Fock (DHF) equation in the extended optimal level (EOL) mode. The expansion coefficients c i of CSFs are determined variationally by optimizing the energy expectation value of the Dirac-Coulomb Hamiltonian. The Breit interaction is introduced in the low-frequency limit, and the quantum electrodynamics effects (QED) and Breit interaction effects are taken into account. Once the atomic state functions have been calculated, the transition probability A ij , for a multipole transition with rank L from the state J to J ′ , can be expressed by the reduced matrix element with the following formula:
where O L is a multipole radiation field operator of rank L. 3 . They are complex multi-electron systems and electron correlation effects should play an essential role in their structures and transition properties. In the MCDF method, electron correlation effects may be treated by building the configuration state function expansion space systematically, which is the key to evaluating the electronic correlation effects efficiently and circumventing the convergence problem that one frequently encounters in SCF calculations. In the present work, an active space (AS) approach was employed and the configuration space was expanded by single (S) and double (D) substitutions from {3s, 3p, 3d} orbitals to a specific active set. The present electron correlation models and the number of CSFs used to describe the ground and excited states of W 54+ ion are listed in Table 1 . The column "Model" indicates the correlation models. DF is the Dirac-Hartree-Fock calculation. The notation 3Complex indicates the set of all configurations in a complex within the principal quantum number n=3. NSD (N=4,5,6) represents the configuration constructed by the SD substitution from {3s, 3p, 3d} to an AS{nl|n = 4, ..., N; l = 0, 1, ..., n − 1}. The notations 5SD(5s-5d) and 6SD(6s-6d) specify only the SD substitution into s, p and d orbitals with corresponding principal quantum number. The 3s and 3p orbitals are treated as core and the 3d orbital as valence orbital for both ground and excited state configurations.
It has been realized in previous papers [17, 18] that the various electron correlation effects play an important role in the calculation of atomic structure from the MCDF calculation for W 26+ and W 27+ ions. In the present paper, some VV (valence-valence), CV (core-valence) and CC (core-core) correlations are included. The Dirac-HartreeFork (DHF) calculation was made firstly for the ground and excited states. Then the configuration space was extended by increasing the active orbital set layer by layer to investigate the correlation contributions and only the newly additional orbitals were optimized for the large active set at each step. [7] c From P. Quinet by MCDF method [9] d From X. L. Guo et al by RMBPT and RCI method [10] 3. Results
M1 and E2 transitions between the ground state multiplets
The M1 transition wavelengths and probabilities between the ground state multiplets are tabulated in Table 2 and Table 3 , respectively. The jj coupling scheme is used throughout the paper. Notations λ and A are the transition wavelengths (in nm) and the transition probabilities (in s −1 ). The meaning of the notations DF, 3Complex, Table 3 .
Radiative probabilities (A ij in s −1 ) for M1 transitions of ground configuration in Ca-like tungsten ion. DF is Dirac-Hartree-Fock calculation, while 3Complex, 4SD, 5SD(5s-5d), 5SD, and 6SD(6s-6d) include the electron correlation contributions which was described in Table 1 . Notation a(b) for transition probabilities A ij means a × 10 4SD, 5SD(5s-5d), 5SD and 6SD(6s-6d) are given in Table 1 . "Other" represents the results from EBIT experiments or other theoretical work, such as RMBPT, MCDF and RCI method [7] [8] [9] [10] . For the M1 transitions, the calculated wavelengths and probabilities are converged with the increase of AS and are in reasonable agreement with available experimental data. Y. Ralchenko et al. [8] calculated the energy levels of the ground state and the M1 radiative transition probabilities for W 54+ ion by FAC. The configuration interaction among n=3 complex and the single excitation up to n=5 was included in their calculation. To obtain the RMBPT results, U. I. Safronova et al. [7] started their calculations from 1s 2 2s 2 2p 6 3s 2 3p 6 Dirac−Fock potential for Ca-like tungsten ion. In the previous MCDF calculations from P. Quinet [9] , the correlation within the n = 3 complex and some n=3 → n'=4 single excitations were taken into account. In order to ensure the completeness, we have included more extensively in the present calculations.
The E2 transition wavelengths λ (in nm) and probabilities A (in s −1 ) in the Babushkin (B) and Coulomb (C) gauges, which are corresponding to the length and velocity gauge in non-relativistic theory, with values of each correlation model are given in Table 4 and Table 5 , respectively. Some transitions from the same initial Table 5 . Radiative probabilities (A ij in s −1 ) in the Coulomb (C) and Babushkin (B) gauges for E2 transitions of ground configuration in Ca-like tungsten ion. DF is Dirac-Hartree-Fock calculation, while 3Complex, 4SD, 5SD(5s-5d), 5SD, and 6SD(6s-6d) include the electron correlation contributions which was described in Table 1 [12] and final states could be fulfilled either by M1 or E2 transitions which were labeled by " * " in Table 4 . These E2 transition probabilities are generally by three to five orders of magnitude smaller than the M1 transition probabilities. It can be seen from Table 4 and Table 5 that the calculated wavelengths and probabilities are converged with the increase of AS. The relative deviation for most of the present calculated transition probabilities from different gauges is < 10%. The good convergence properties of the E2 transition wavelength and probabilities and the agreement of calculated E2 transition probabilities in different gauges indicates the accuracy of the wavefunction in some extent. Most values of the transition wavelengths and probabilities agree well with the theoretical results by RMBPT [7] . The difference between our work and the work from RMBPT [7] is mainly due to the correlation effects for 3s and 3p orbitals which were omitted in the latter. The detailed contribution from the correlation of 3s and 3p orbitals will be discussed in another paper [19] . 3 ) in 6SD(6s-6d) model is 1,651,545. It was found that an MCDF procedure for such a large scale ASF was not practically tractable with our present calculation resources. However, we found that both the energies and probabilities of M1 and E2 transitions between the ground state Table 6 and Table 7 , respectively. It can be seen from this two tables that the quality of the convergence of the transition wavelengths and A-values is good. The final E1 transition wavelengths λ (in nm), probabilities A (in s −1 ) and oscillator strengths gf are presented in Table 8 . The experimental observation by EBIT [11] and theoretical values from Flexible Atomic Code (FAC) [11] and MCDF [12] are also included in Table 8 for comparison. The jj coupling labels were adopted for the main component. For the transition energies (E), the results are in excellent agreement with the experimental data except for the first transition, i.e. [((3p
According to the experiment, this observed line is affected by a blend with another Ti-like tungsten transition and this explains the significant difference between our calculated wavelength and the measurement. Comparing with the FAC results from T. Lennartsson et al. [11] , our calculation values are generally smaller than their data and all are in better agreement with the experimental data. They measured the wavelengths of 3p−3p and 3p−3d transitions in Al-through Co-like W ions and calculated the corresponding atomic structures and line intensities using FAC. The configuration with singly excited Lshell electrons in addition to singly and also several multiply excited M-shell electron configurations were included in the calculation. For one of the early calculations by Dipti et al [12] , we find substantial differences from the present calculations in both the values of transition energies and oscillator strengths. The origin of this difference may be interpreted as due to the difference in the size of the correlation space; we have adopted an active space method and the effect of the electron correlations systematically up to the convergence. For the transition probabilities (A) of the present calculation, all the relative deviations in Babushkin and Coulomb gauges are < 10%. Only the results in Babushkin gauge are given in Table 8 .
It should be pointed out that about 466 E1 transitions could possibly be found from 3p 5 3d 3 to 3p 6 3d 2 . In the present work, only the results having large transition probabilities (>10 12 s −1 ) and the results having corresponding experimental data are listed in Table 8 . According to the present calculation, it was found that the transition energies could be divided by energy into two groups in about 2.95-3.25 nm and 1.86-1.96 nm. The previous EBIT measurement [11] were carried out in the wavelength range of 26.5-43.5Å. According to the present calculation, it is suggested to make a new observation in 1.86-1.96 nm wavelength range to look for the strong transitions predicted by present work.
For the transitions in 2.95-3.25 nm, it is found that most observed transitions have large transition probabilities. However, a few transitions in this range with large transition probabilities haven't been observed in the previous EBIT experiment [11] . This might because the population of the excited upper levels of these unobserved transitions is small. A collisional-radiative model analysis on the transition intensities within EBIT experiment had been performed for W 26+ ion [20] . A similar model was applied to investigate the population of the excited states and the intensity of the transitions of W 54+ ion. The results show that the intensities of transition lines which could not be observed are generally smaller by four orders of magnitude than the intensity which could be observed. The intensity changes with the plasma conditions. It is suggested that these transition lines could be observed by some appropriate plasma conditions.
In addition, it must be pointed out that the Ca-1 (3.1430 nm) and Ca-6 (3.1776 nm) in the experiment [11, 12] have the same label for the state designation. This is due to the convention to use a leading configuration in ASF for the state assignment.
According to the present calculation, the CSF components of the upper level of the transition with wavelength 3.1430 nm are 45.36% from [((3p 
Conclusions
The E1, M1, E2 transition energies and probabilities were calculated by MCDF method with electron correlation effects taking into account systematically and efficiently. A reliable correlation model is offered on the basis of doing a great deal of calculations. In addition, some important correlation effects is pointed out compared with previous work. Finally, several strong E1 transitions were predicted that might be observed in the future experiment.
